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The DNA gyrase of Escherichia coli plays an essential role in the life of this microorganism. It is unique among all topoisomer-
ases because of its ability to introduce negative supercoils into DNA. This study investigated the single molecular interaction of E. 
coli gyrase with DNA using magnetic tweezers. The results showed that, in the absence of ATP, gyrase weakly binds the G and T 
segments. The stretched force of 0.7 pN can gradually destroy the binding, whereas that of 5.9 pN directly destroys it. Addition of 
high concentrations of norfloxacin enhances gyrase binding to both segments, making them adapt to 5.9 pN. DNA gyrase reduces 
the plectonemic dimension, which was determined by the bacterial enzyme and not by the pull force. Moreover, it has different 
affinities for positive supercoils, which it prefers, and negative supercoils. The time distribution of the dissociation of gyrase from 
DNA has a double-exponential form. We herein propose a model to explain this distribution and compare the results with those of 
other models. 
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Topoisomerases are important and conserved enzymes ex-
tensively found in the biosphere. They adjust the topologi-
cal structure of DNA by introducing and removing super-
coils, knots, and catenations, which are correlated with fun-
damental and crucial DNA processes, including replication, 
transcription, repair, and reorganization [1–3].  
Topoisomerases can be divided into two categories: type 
I topoisomerase and type II topoisomerase. Type I topoiso-
merase temporarily cuts one strand of double-stranded DNA, 
rotating two strands to remove the negative and positive 
DNA supercoils. Type II topoisomerase temporarily cuts 
one DNA segment (G segment) of double-stranded DNA 
and catalyzes another segment (T segment) for passage, 
thus introducing or removing the supercoiled structure. 
Each cycle of type II topoisomerase is able to change the 
DNA ligase by 2 [4–7]. Gyrase is a type II topoisomerase 
that is composed of two subunits, namely, GyrA and GyrB, 
which form a A2B2 heterotetramer [3]. DNA gyrase is the 
only known topoisomerase that can introduce negative 
supercoils into DNA [8]. It removes the activity of knots 
and catenations at low levels [9–11], and it is crucial for 
bacteria. The fact that gyrase does not exist in the human 
body renders it an excellent antibiotic target. Quinolone is a 
widely applied antibiotic that targets gyrase [12]. 
Numerous approaches have been applied to studying the 
interaction between gyrase and DNA. Digestion experi-
ments of DNA enzyme I foot printing and exonuclease III 
have shown that the segment combined with DNA gyrase is 
approximately 140 bp [13–15]. This segment winds around 
the C-terminal domain of the GyrA subunit via the right- 
handed supercoil [16,17]. Its crystal structure [18–20] re-
veals that the integration of gyrase and DNA will generate 
extensive rearrangement of the configuration of gyrase. 
Meanwhile, the G segment is intensively twisted by gyrase. 
Most studies on this topic have focused on observing the 
static interaction between gyrase and DNA. In contrast, the 
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present study dynamically observed the real-time binding 
and dissociation of gyrase and DNA using a single-mole- 
cule manipulation device. 
1  Materials and methods 
1.1  DNA structuring and experimental setup 
The DNA used in this experiment was composed of three 
parts [21], a 1 kb segment located at two ends and multiply 
marked with biotin and digoxigenin as well as a middle 
segment with two length specifications (10 and 1.5 kb). 
These segments are amplified from the λ phage DNA 
through polymerase chain reaction. Magnetic tweezers, 
which have been detailed described [22], were used in the 
present study. In brief, one end of DNA was connected to a 
superparamagnetic bead marked with streptavidin (Dynal 
Company) with a 1 μm diameter, whereas the other end was 
connected to the glass surface covered with anti-digoxig- 
enin. Two NdFeB magnets were placed above the sample. 
When the magnets were moved close to the sample, pull 
force could be applied to DNA through the superparamag-
netic bead. Meanwhile, torque was applied to DNA by ro-
tating the magnet. The position of the bead was recorded 
using an inverted microscope at the sampling frequency of 
60 Hz (Figure 1). 
1.2  Reaction conditions 
All reactions between Escherichia coli gyrase (NEB Com-
pany) and DNA were carried out at 25C. The buffer was 
composed of 35 mmol/L Tris-HCl, 24 mmol/L KCl,      
4 mmol/L MgCl2, 2 mmol/L DTT, 5 mmol/L spermidine, 





Figure 1  Diagram of a magnetic tweezers. One end of DNA is connected 
to the magnetic DNA bead, and the other end is connected to the coverslip. 
Pull force could be applied to DNA through the superparamagnetic bead, 
whereas torque is applied to DNA by rotating the magnet. When the num-
ber of turns exceeds the threshold, a supercoiled structure of DNA will be 
formed to shorten the DNA extension. 
2  Results 
2.1  The binding of topoisomerases to the G and T  
segments 
In this study, one end of the 10 kb DNA molecule (linking 
number Lk0=935) was linked to the coverslip, whereas the 
other end was connected to a superparamagnetic bead with 
a diameter of 1 μm. When the magnet is rotated, it triggers 
the bead to rotate. The rotating bead introduces torque into 
the DNA, provided the DNA strands have no nick. When 
the torque exceeds the threshold, plectonemic structures of 
DNA will be formed. Magnetic tweezers record the change 
of DNA extension. In the process, the supercoiling density 
can be obtained according to the following equation: σ≡
Lk/Lk0=n/Lk0, where Lk0 is the linking number of relaxed 
DNA, Lk is the change of linking number and n is the ro-
tation numbers. In our magnetic tweezers equipment, Lk 
equals to n because the rotation of beads tightly couples the 
rotation of magnets. 
We first rotated the magnet to introduce positive super-
coils into the DNA molecule (σ = 0.05) and then stretched 
the DNA using small (F = 0.7 pN) and strong (F = 5.9 pN) 
forces alternately to observe the change in DNA length. In 
the absence of gyrase, when stretching force rapidly in-
creasing (the time required 0.1 s), the plectonemic struc-
tures of DNA was pulled open such that DNA length in-
creased in a fast, smooth, and continuous manner (data not 
shown), consist with previous studies [23,24]. 
The above-described experiment was repeated with the 
addition of E. coli gyrase (0.43 nM). Positively supercoiled 
DNA (σ = 0.06) was stretched using small (F = 0.06 pN) 
and strong (F = 0.7 pN) forces alternately. When 0.7 pN 
was applied, the DNA length initially increased rapidly, but 
then slowly and gradually increased to the maximum (Fig-
ure 2(a)). The DNA length which slowly and gradually in-
creased was approximately 500 nm (Figure 2(a)) (the di-
mension of a plectoneme is about 22.9 nm, see next section), 
indicating that E. coli gyrase simultaneously binds the G 
segment and the T segment. Several plectonemic structures 
can thus be temporarily clamped and stabilized. Moreover, 
these data demonstrated that the binding between gyrase 
and DNA molecule is relatively weak and will be gradually 
pulled open under 0.7 pN of force. 
The strong force in the above-described experiments was 
increased to 5.9 pN to further elucidate the binding of gy-
rase and DNA. The forces of 0.06 pN and 5.9 pN were al-
ternately applied to stretch DNA with σ = 0.03. When the 
force was increased, the plectonemic structures of DNA 
were rapidly destroyed. Approximate 62% of 69 events, 
DNA molecules reached the maximum value directly. The 
remaining 38% demonstrated a temporary pause (lasting 
less than 10 s) close to the maximum (Figure 2(b)), indicat-
ing weak binding between gyrase and DNA. In contrast to 
DNA gyrase, eukaryotic topo II strongly binds with DNA. It  
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Figure 2  Changes in DNA length under different pull forces after the binding of gyrase (0.43 nM) and DNA (10 kb). (a) The pull force alternated between 
0.06 pN and 0.7 pN, and DNA was in the positively supercoiled state (σ = 0.06). When strong force was applied, DNA length at first increased rapidly and 
then increased slowly to the maximum value. (b) The force alternated between 0.06 pN and 5.9 pN, and DNA was in the positively supercoiled state (σ = 
0.03). When strong force was applied, DNA length increased to the maximum value at a faster rate. (c) Norfloxacin (30 μM) was added, and the force alter-
nated between 0.7 pN and 5.9 pN when DNA was in the positively supercoiled state (σ = 0.05). When strong force was applied, DNA length increased rap-
idly to 3.1 μm. Then plateaus occurred (lasting longer than 50 s), and DNA length slowly increased to the maximum. The hopping part of the length is en-
larged to clearly display the details of length variation. The bottom row represents enlarged images of the frame shown in the upper row.  
can maintain its binding with the G and T segments when 5 
pN of force is applied [24]. To this end, the above-described 
experiment was carried out with topo II. When the force 
was increased, the length did not reach the maximum value 
directly and the plateau phase lasted for a long period (after 
40 s, 89% did not release). 
Norfloxacin at 30 μM was subsequently added. The 
forces of 0.7 pN and 5.9 pN were applied alternately to 
stretch DNA with σ = 0.05. When the force was increased, 
the length rapidly increased to a certain value, a plateau 
phase occurred (lasting longer than 50 s), and the length 
increased gradually. These results suggest that norfloxacin 
enhanced the binding between gyrase and DNA. In order to 
verify the phenomenon caused by the action of both gyrase 
and DNA, control experiments were performed. In presence 
of norfloxacin but in absent of gyrase, we repeated above 
experiments. The results are similar with those of both are 
absent. Thus, it implied that the phenomenon shown Figure 
2(c) is the results of gyrase and norfloxacin simultaneously 
action. 
2.2  The binding of gyrase on supercoiled DNA 
We next studied the impact of gyrase on equilibrium length 
and supercoiling density σ = n/Lk0 of DNA when the con-
stant tension of 0.15 pN was applied. A sufficient number of 
studies have been conducted on the response of DNA length 
to the supercoil in the absence of gyrase [25,26]. Under 
forces <0.4 pN, when the number of magnet turns exceeded 
a certain threshold nc, DNA length started to buckle to form 
plectonemes. The changes in length induced by negative 
and positive supercoils are symmetrical. The relation curve 
between DNA length and supercoiling density was of a typ-
ical bell shape, and the maximum value appeared at σ = 0 
(Figure 3). When gyrase was added, the length changes in-
troduced by positive and negative supercoiling remained 
symmetrical; however, the modified length for each turn 
became smaller, i.e. gyrase reduced the geometric scale of 
the supercoiled structure of DNA. 
 
 
Figure 3  The constant tension of 0.15 pN was applied to DNA. Square 
dots represent values without DNA gyrase, whereas circular dots represent 
those with 0.43 nM DNA gyrase. The relation curve between DNA length 
and number of magnet turns is also shown. In the supercoiled area, the 
relation curve between DNA length and number of turns can be fitted (with 
the thick line) satisfactorily. The slope of these lines was calculated. 
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As shown in Figure 3, in the supercoiled area, the slope 
of the lines was calculated. In the absence of DNA gyrase 
and under 0.15 pN, for each turn of the magnet, the length 
was reduced δl0= 75.25.6 nm. When 0.43 nM gyrase was 
added, the reduced length became smaller and differed for 
the positive and negative supercoils. For the positive super-
coil, the length was reduced δlp+ = 22.94.2 nm; for the 
negative supercoil, the length was reduced δlp = 28.07.0 
nm. These results indicate that when F was <1.0 pN (Figure 
4(a) and (b)), gyrase improved DNA to produce tighter 
supercoils. 
We also calculated the slope of DNA length variations 
for the positive and negative supercoils using different gy-
rase concentrations (Figure 4(c)). For the positive supercoil, 
0.05 nM gyrase obviously reduced the slope. The slope de-
creased with increasing gyrase concentration. For the nega-
tive supercoil, 0.2 nM gyrase concentrations still did not 
affect the slope. Therefore, chiral differences in the binding 
between gyrase and DNA were detected. 
In the absence of protein in the solution, δl0 clearly 
changed with the changing pull force. In the presence of 
DNA gyrase, δlp+ and δlp did not have significant effects 
with the changing pull force (Figure 4(a) and (b)). These re-
sults indicate that upon the addition of gyrase, the scale of the 
supercoiled structure no longer depended on the pull force by 
DNA but on the interaction between gyrase and DNA. 
2.3  Dynamics of the binding and unbinding at buck-
ling threshold 
We used the short DNA molecule of 1.5 kb, which can ef-
fectively improve the signal-to-noise ratio, to study the 
binding and dissociation kinetics of gyrase and DNA mole-
cule. During the experiment, DNA was stretched under the 
force of 2.9 pN and the buckling threshold nc = 5. The 
magnet was rotated 5 turns to the threshold value. Because 
free energy of forming plectonemes or not are equivalent, 
DNA shifts between the two states. The formation of a 
plectoneme will shorten the DNA, and magnetic tweezers 
can clearly observe the corresponding length changes in 
DNA (data not shown but are reported in [27,28]). After 
gyrase was added, the time which DNA remained in the 
supercoiled state significantly extended (Figure 5(a), II), 
because the binding of gyrase made the DNA supercoils 
more stable. However, the binding of DNA and gyrase was 
reversible and they would dissociate after the gyrase-DNA   
 
 
Figure 4  (a) The reduced length of positively supercoiled DNA δl for each turn was used as a function of the applied force with or without 0.43 nM gyrase. 
(b) The same experiment was conducted for negatively supercoiled DNA. When the force was greater than 0.4 pN, the negatively supercoiled DNA melted. 
The error bar represents standard deviation. (c) Relation curve between the slope of length changes in DNA and the concentration of gyrase. 
 
Figure 5  Dynamics of the binding of DNA gyrase with 1.5 kb DNA at 2.9 pN force. (a) With gyrase added, DNA length changed with time. I, II, and III 
correspond to DNA length when the number of turns n comparing the buckling threshold nc was n = 2 < nc, n = 5 = nc, and n = 6 > nc, respectively. The fig-
ure was processed with vertical translation to avoid overlapping. We extracted the length changes and binding time. The dotted line represents the average 
length of corresponding DNA. (b) When n = nc, the cumulative probability distribution of the time that DNA gyrase dissociated from DNA (black circle, 299 
bindings). The star points represent the distribution obtained from our model. The double-exponential distribution (line) fits the experimental results satis-
factorily. The duration of 66% of the binding lasted 0.34 s, whereas that of the remaining 34% was 1.96 s. The illustration reflects the distribution histogram 
of the length change of DNA. According to Gaussian fitting, the average value was 26.4 nm and the standard deviation was 5.5 nm. The sketch map repre-
sents the two-state model of DNA gyrase binding to DNA. Based on the cumulative probability distribution, the kinetic constants k1, k2, and k2 could be 
obtained. 
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complex had existed for a while, thus DNA supercoils re-
laxed and DNA extension increased. After that, DNA spon-
taneously formed supercoils again, and then the above pro-
cess repeated. When n = 2 < nc, length change in DNA was 
not observed even in the presence of gyrase (Figure 5(a), I), 
indicating that without ATP, at the protein concentration 
applied in the experiment, gyrase can bind on DNA super-
coils but cannot bind on DNA without supercoils. 
With further rotation of the small magnet to n= 6 > nc, 
several separate DNA lengths with an interval of nearly 25 
nm can be observed (Figure 5(a), III). This value (25 nm) is 
very close to the value of the supercoiled structure of DNA 
under the force of 2.9 pN, indicating that each supercoil has 
bound with a DNA gyrase molecule. The separated DNA 
length corresponds to the binding and dissociation of sever-
al enzymes. 
The distribution of time for the gyrase-DNA complex in 
the binding state was calculated at the threshold. Figure 5(b) 
shows the cumulative probability histogram of the binding 
state P (τ > t) (N = 299) and that the distribution can be sat-
isfactorily fitted by a double-exponential function: the dura-
tion of 66% of the binding (t1) was 0.34 s, and that of the 
remaining 34% (t2) was 1.96 s. Given the single-exponential 
distribution with t1, the possibility for values to be higher 
than t2 was less than 2 among 299 events. However, 48 of 
these 299 events were detected with values greater than t2, 
thereby suggesting that the distribution was unlikely to be a 
single-exponential one. 
Similar results were observed for the binding of Dro-
sophila topo II [24] and E. coli topo IV [23] with DNA. The 
researchers presented that the two exponential distributions 
indicate that the gyrase-DNA complex has two binding 
states with different strengths, and they proposed a corre-
sponding kinetic model. The present study used their model 
to analyze the experimental data. 
The state of DNA without gyrase was marked as S0, 
weak binding of the gyrase-DNA complex was marked as 
S1, and strong binding was marked as S2. k1, k1, k2, and k2 
represent kinetic parameters (Figure 5(b)). P0(t), P1(t), and 
P2(t) represent the probabilities in S0, S1, and S2 at t, respec-
tively. The initial conditions P0(0) = P2(0) = 0 and P1(0) = 1 
were given. As it is of rare chance the same gyrase which 
dissociated from DNA to bind to the same position of DNA, 
k1 = 0. The probability distribution P for τ larger than t is 
P(τ > t) = 1  P0 (t). 
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The experimental data on the cumulative probability dis-
tribution P(τ > t) can be fitted satisfactorily with the above 
functions (Figure 5), yielding the kinetic constants of bind-
ing and dissociation. 
2.4  Another explanation for the dynamics 
Another explanation similar to the interpretation of the 
pause of RNA polymerase and  exonuclease [29,30] is 
herein proposed for the double-exponential time distribution 
of gyrase dissociation. The free energy of the binding of 
gyrase and the G and T segments is calculated as E and the 
interactional potential energy can be written in Morse code: 
V(x) = E[exp(2x/A)  2exp(x/A)], where 2A = 1 nm (De-
bye length) and the direction of x is as explained in the leg-
end to Figure 6. The dissociation of gyrase from the DNA 
molecule can be described by the Langevin equation: 
 
d ( )d ( ),
d d
   V xx t
t x
  (4) 
where the viscous load acting on gyrase is contained in the 
drag coefficient =6πηRg= 9.4×1011 kg s1, with  = 0.01 
g cm1 s1 and gyrase being considered as a sphere of radius 
Rg= 5 nm, and ( ) t  is the thermal noise, with ( ) 0 t  
and ( ) ( ) 2 ( ).    Bt t k T t t  The time distribution of 
gyrase dissociation can be obtained using eq. (4), which has 
a single-exponential form: f(t) = exp(t/T)/T. 
Given the differences in DNA sequence, the binding en-
ergies E of the G and T segments and gyrase showed subtle  
 
 
Figure 6  Structure of the gyrase-DNA complex. x indicates the direction 
of the dissociation of gyrase from the G and T segments. 
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differences and distinct single-exponential distributions. To 
this end, the time distribution of the dissociation of gyrase 
from several supercoiled DNA molecules is no longer of a 
single-exponential form but in the form of the linear sum of 
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where N is an integer larger than or equal to 2. The cumula-
tive probability distribution of dissociation time also takes 
this form. This distribution can be satisfactorily fitted by the 
linear sum of two exponential distributions. The star points 
in Figure 5(b) represent the cumulative probability distribu-
tion of dissociation time simulated by our model. Here, we 
assumed four binding energies: E = 17.3kBT (T  0.2 s, ac-
counting for 17.1%), E = 18kBT (T  0.41 s, accounting for 
37.4%), E = 18.9kBT (T  0.9 s, accounting for 11.4%), and 
E = 19.7kBT (T  1.74 s, accounting for 34.1%). The simu-
lation results are consistent with the experimental results, 
indicating that even if only one binding state exists in the 
gyrase-DNA complex, due to the subtle differences of the 
binding energy E, the double-exponential distribution of 
dissociation time can still be generated. 
In the absence of nucleotide, experimental results cannot 
demonstrate two configurations of the interaction between 
gyrase (topo II and topo IV) and DNA. Subtle and inevita-
ble differences in the binding of gyrase with various DNA 
segments can be attributed to differences in DNA sequences. 
Such differences were verified in another experiment [31]. 
Thus, we propose that the dissociation time probability dis-
tribution of the double-exponential form is generated from 
differences of the binding energy between gyrase and dif-
ferent DNA segments. 
3  Discussion 
This study used a single-molecule manipulation based on 
magnetic tweezers to systematically and quantitatively 
evaluate the interaction between E. coli gyrase and DNA. 
Gyrase was found to bind both the G segment and the T 
segment of DNA with a relatively weak binding. The pres-
ence of norfloxacin made the binding of gyrase and DNA 
more stable. According with our results, biochemistry re-
search [32] indicated that, norfloxacin almost did not bind 
with gyrase or DNA when only one of them existed; but a 
large number of norfloxacin was bound if both existed. 
Moreover, biochemistry research [33] and crystal structure 
[34] showed that norfloxacin together with DNA and gyrase 
formed a stable complex where norfloxacin bound near ac-
tive site of GyrA Tyr122 and interact with GyrB and DNA. 
Besides, gyrase could change the geometric scale of DNA 
supercoils, yielding chiral differences, clearly indicating 
that it has different effects on positive and negative super-
coils. Dissociation time of gyrase from DNA is consistent 
with a double-exponential distribution. 
Studies on crystal structures [18–20] have shown that a 
substantial rearrangement of the G segment is generated 
from binding with gyrase. This segment has 140 bp inter-
twined at the C-terminal end of the GyrA subunit, which 
explains why the geometric scale of the supercoiled struc-
ture is reduced after the addition of DNA gyrase and why 
the dimension is determined by gyrase rather than by the 
pull force applied on DNA. 
The elucidation of interactions of DNA gyrase and DNA 
absent from ATP is helpful to understand the working 
mechanism of DNA gyrase and facilitate understanding and 
interpretation of single-molecule experimental data on DNA 
gyrase activity after the addition of ATP. DNA gyrase im-
posed different effects on positive and negative supercoils 
and could more easily bind with positively supercoiled 
DNA. These findings are conducive to our understanding of 
the different activities of gyrase for positive and negative 
supercoils. 
The binding between bacterial gyrase and DNA is similar 
to that involving topo IV, but rather different from eukary-
ote topo II. Without ATP, the binding between gyrase and 
the G and T segments is relatively weak and reversible, 
whereas that between topo II and the two segments is strong 
and irreversible. This difference stems from the structural 
differences between gyrase and topo II, with the crystal 
structure of DNA gyrase [18–20] showing that the 
C-terminal domain of GyrA can intensively bend DNA and 
twine DNA to the right. This segment is not found in eu-
karyotic topo II. Despite these, gyrase and topo II are simi-
lar in that their dissociation time from DNA are consistent 
with a double-exponential distribution and can be interpret-
ed by the model proposed herein. 
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